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Abstract 
 Water held in the unsaturated zone is important for agriculture and construction 
and is replenished by infiltrating rainwater.  Monitoring the soil water content of clay 
soils using ground-penetrating radar (GPR) has not been researched, as clay soils cause 
attenuation of GPR signal.  In this study, GPR common-midpoint soundings (CMPs) are 
used in the clayey soils of the Miller Run floodplain to monitor changes in the soil water 
content (SWC) before and after rainfall events.  GPR accomplishes this task because 
increases in water content will increase the dielectric constant of the subsurface material, 
and decrease the velocity of the GPR wave.  Using an empirical relationship between 
dielectric constant and SWC, the Topp relation, we are able to calculate a SWC from 
these velocity measurements.  Non-invasive electromagnetics, resistivity, and seismic 
were performed, and from these surveys, the layering at the field site was delineated.  EM 
characterized the horizontal variation of the soil, allowing us to target the most clay rich 
area.  At the CMP location, resistivity indicates the vertical structure of the subsurface 
consists of a 40 cm thick layer with a resistivity of 100 ohm*m.  Between 40 cm and 1.5 
m is a layer with a resistivity of 40 ohm*m.  The thickness estimates were confirmed 
with invasive auger and trenching methods away from the CMP location.  GPR CMPs 
were collected relative to a July 2013 and September 2013 storm.  The velocity 
observations from the CMPs had a precision of +/- 0.001 m/ns as assessed by repeat 
analysis.  In the case of both storms, the GPR data showed the expected relationship 
between the rainstorms and calculated SWC, with the SWC increasing sharply after the 
rainstorm and decreasing as time passed.  We compared these data to auger core samples 
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collected at the same time as the CMPs were taken, and the volumetric analysis of the 
cores confirmed the trend seen in the GPR, with SWC values between 3 and 5 percent 
lower than the GPR estimates.  Our data shows that we can, with good precision, monitor 
changes in the SWC of conductive soils in response to rainfall events, despite the 
attenuation induced by the clay. 
Introduction 
Having the ability to estimate how water flows through the top layer of the 
subsurface can assist agriculture and environmental projects, as well as help construction 
projects account for the change in runoff they will create.  The primary objective of this 
research is to monitor changes in volumetric soil water content (VWC) of clayey soils 
over time relative to rainfall events using noninvasive geophysics.  Research was 
conducted at a field site in a floodplain of the Miller Run on Bucknell campus in 
Lewisburg, PA (Figure 1). 
The Miller Run flood plain extends between two campus roads, and is 
approximately 200 meters by 30 meters (Figure 2).  The Miller Run flows from 
southwest to northeast along the southeast side of the field, in a heavily modified channel 
(Kochel, 2012).  As seen in Figure 2, the only vegetation in the floodplain is grass, with 
trees lining the Miller Run.  There are no structures within the floodplain, with the 
nearest buildings located about 30 meters away.  The floodplain has less than a meter 
change in elevation within 20 meters of the Miller Run, and slopes uphill beginning 20 
meters northwest of the stream.  The soil survey indicates that the soil is Edom complex, 
which is a silty clay loam (Soil Survey Staff, 2011).  After rainfall events, standing water 
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was seen in the field up to a day after the end of precipitation. A layer in the subsurface is 
preventing infiltration of surface water, which is expected in the floodplain due to the 
clayey soil. 
Noninvasive geophysical techniques may be used to monitor the saturation of the 
vadose zone and do not risk affecting the nature of the infiltration that they are studying 
(Furman et al., 2004).  Ground penetrating radar (GPR) provides the soil water content of 
subsurface material   
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Figure 1. Location of the field site in Lewisburg, Union County, Pennsylvania. 
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Figure 2. Field site at flood stage (above) and base level (below).  Miller Run along 
treeline to the right. 
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above a reflecting interface (van Overmeeren et al. 1997).  Additionally, GPR data 
collected before and after natural rainstorms provide constraints on the hydrologic 
parameters of electrically resistive (sandy) soil (Jacob, 2006).  However, the clayey soil 
in the Miller Run is expected to be electrically conductive (Doolittle et al, 2007) and the 
effectiveness of using GPR to assess the hydrologic properties of clay has not been 
researched.  Hence, the most conductive portion of the Miller Run floodplain needed to 
be targeted for this study both at the surface and into the subsurface. 
This research also has implications for the Miller Run restoration project that is 
taking place on Bucknell University campus.  The plan to return the Miller Run channel 
(Figure 2) and its associated floodplains to a natural state requires knowledge about the 
current state of the stream.  One planned project is the formation of a wetland to slowly 
release water into the stream after storms, thus creating a more consistent baseflow.  If 
GPR can determine the VWC of clay-rich soils, an area expected to exhibit low 
infiltration can potentially be targeted using GPR data for the construction of the wetland.  
Project Background  
 The first objective of this research was to locate clay-rich locations within the 
field site.  To accomplish this goal noninvasively using geophysics, an electromagnetics 
(EM) survey was completed.  EM was selected because clay has one of the highest 
electrical conductivity values of any subsurface material.  A moist clayey soil can have a 
conductivity of over 100 mS/m (Burger et al, 2006).  A bulk conductivity reading can 
therefore be used to interpret the composition of the soil, with the most conductive areas 
of the field representing the areas with the highest clay content.  A similar approach was 
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used by Francés and Lubczynski (2011) to map the thickness of a clay topsoil over a 
large area.  Additionally, EM surveys can be carried out over a large area with little 
manpower relative to other geophysical methods such as electrical resistivity imaging 
(ERI).  They therefore offer the best method of mapping the conductivity structure of the 
entire Miller Run floodplain.  Finally, the bulk in-phase measurements collected in 
conjunction with bulk conductivity during an EM survey allow for the detection of 
metallic objects that might interfere with other methods’ measurements or provide an 
anomalously high conductivity reading. 
 The next step in our research was to delineate the vertical structure of the 
subsurface.  To accomplish this, ERI was collected in conjunction with a reversed 
seismic profile.  The electrical resistivity structure of the subsurface is tied to the physical 
structure, as different geologic materials have different resistivity values (Burger et al, 
2006).  For this reason, the two methods provided complementary data.  Understanding 
the vertical subsurface structure allowed us to predict how water should flow through the 
subsurface, as the resistivity and physical structure of subsurface layers correlates with 
the hydrologic properties of the material (Michot et al, 2003).  ERI data was also 
expected to provide information about interfaces that may induce GPR reflections, as 
significant electrical resistivity changes may represent significant changes in dielectric 
constant, which is what induces GPR reflections. 
 The ERI survey was chosen for its ability to measure changes in the resistivity 
structure of the subsurface beneath a line at the field site.  A clay layer would be expected 
to contrast with layers above and below it, due to its high conductivity.  Therefore, the 
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ERI survey should be able to provide information on the thickness of the expected clay 
layer.  The depth to bedrock may also be detected by the ERI survey, as a change from 
unconsolidated material to bedrock represents a significant change in electrical resistivity.  
Finally, the ERI data is expected to be useful in understanding our GPR and EM data.  
The ERI measurements are sensitive to the same property as the EM-38 (electrical 
conductivity/resistivity), which means that they could be used to further understand the 
bulk conductivity measurements from the EM-38.  Additionally, if a layer is detected by 
GPR reflection, the depth may be confirmed by the resistivity data, depending on the 
nature of the reflection interface.  
 A seismic survey followed the ERI survey.  Seismic refraction uses energy 
propagating into the subsurface from a source, such as a hammer striking a metal plate on 
the ground surface.  As the wave interacts with subsurface interfaces, it creates return 
waves that can be used to characterize the seismic velocity and thickness of the 
subsurface material (Burger et al, 2006).  When the energy sources is moved to the other 
side of the line, the change in the properties of the returning seismic waves allows for 
calculation of the dip of the subsurface interfaces via an established methodology (Burger 
et al, 2006).  The seismic survey was expected to allow for estimation of the depth to 
bedrock, and so, if this interface is also detected by the ERI survey, the seismic data will 
conform that interface, and allow us to better understand the ERI data. 
 The final step in our research was to take GPR CMPs to measure changes in the 
volumetric water content (VWC) of the subsurface material in the Miller Run floodplain.  
GPR has previously been used to monitor changes in the VWC of sandy soils (Jacob, 
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2006 and Garambois et al, 2002).  Our research targets clay soils, which are highly 
conductive relative to other geologic subsurface materials.  Conductive materials cause 
attenuation in GPR waves, because the ions in the material absorb the energy of the 
propagating EM wave (Doolittle et al., 2007). 
 To determine the accuracy of the GPR VWC estimates, a direct measurement of 
VWC was required.  Volumetric analysis of auger cores is an established method of 
directly estimating soil water content of the shallow subsurface (Allison & Hughes, 1983).  
For this reason, it was selected to confirm our estimates of VWC from GPR.  Other 
researchers have used time-domain reflectometry (Mojid et al, 2003), but auger core 
volumetric water content (VWC) and gravimetric water content analysis was selected for 
this study due to the availability of the equipment. 
Methods  
 For this project, five methods were employed.  An EM survey was used to 
reconnoiter the layout of soil in the field.  ERI and sesmic were used to delineate the 
vertical structure of the subsurface, and determine depth to bedrock.  GPR was used to 
monitor changes in the VWC at the site, and was confirmed by auger core volumetric 
analysis.  Figure 4 shows the location of these surveys in the Miller Run floodplain. 
EM 
 The near-field EM method (Figure 3) uses an induced ground current to determine 
the conductivity of the subsurface.  It is typically employed for areally extensive surveys 
to locate metallic objects in the subsurface or map changes in the conductivity structure.  
For a detailed description of the EM method, see Burger et al (2006).  
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We employed a Geonics EM-38-MK2 unit to collect EM data within the specified survey 
area (Figure 4).  The EM-38 is designed to have a shallow depth of penetration, 
collecting bulk conductivity and in-phase measurements of the top 37.5 cm, 75 cm, and 
150 cm of the subsurface, depending on mode of operation. Because of the expected 
attenuation of the GPR signal, we are interested in no more than the top meter of the 
subsurface, and the EM-38-MK2, when operated in horizontal dipole mode (Figure 5), 
collects measurements of the top 75 cm and the top 37.5 cm of the subsurface 
simultaneously.  Using these data, we created a map of the bulk conductivity and in-
phase structure of the shallow soil in the field (Brevik et al, 2003). 
   There were 21 are lines 91 meters long spaced a half meter apart to form the grid.  
The EM38-MK2 was calibrated both automatically and manually according to 
manufacturer instructions.  The EM38-MK2 was carried with the display end always 
pointing in the same direction as per manufacturer instructions, with walking direction 
alternated for each line (Geonics Limited).  A constant walking speed was maintained, 
and the unit was held as close to the ground as possible, at a constant height, parallel to 
the ground, as per Figure 3 (Jacob, 2013).  The data was imported to a standard PC, and 
the lines were corrected to be 91 meters each and of the correct orientation using the 
DAT38 program and Microsoft Excel.  The calibration of the unit came into question 
when the data showed negative values for conductivity at the field site, 
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Figure 3. Schematic for standard method of operating an EM unit.  The unit is 
carried parallel to the ground and walked along the survey lines at a 
constant height.  Note that the EM-38 is carried at a lower height than 
the unit in this figure (from Hermance, 2003).  
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Figure 4. Location of the various geophysical surveys performed for the study.  Miller run visible at bottom of the field. 
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Figure 5. EM-38_MK2 being carried in horizontal dipole mode.  Grid lines are 
demarcated by measuring tape, at half meter spacing. 
14 
 
 
which is physically impossible.  The manufacturer was contacted, and we received 
instruction to remove the calibration file.  The raw data were used.  Golden Software's 
Surfer 9 was then used to interpolate between the data points, as well as to display and 
color contour the results.  The highest conductivity area was targeted for further 
geophysical investigation with ERI, seismic, and GPR. 
DC Resistivity 
 DC Resistivity was used to confirm the results of the EM survey and collect 
information on the vertical structure of the subsurface.  The ERI method sends a current 
directly into the ground beneath a line of electrodes, collecting points along the profile at 
various depths.  The resulting pseudo-section is analyzed using inversion software, and 
the resistivity structure of the subsurface beneath the line of electrodes can be interpreted 
from this data.  The ERI method is discussed in more detail in Burger et al (2006). 
 The 28 channel Sting/Swift multielectrode system measured the resistivity of the 
subsurface beneath three lines in the targeted study area (Figure 3).  The system 
controlled the a-spacing of the measurements, as well as the position of each 
measurement along the line, for a Wenner array survey according to a program I wrote 
using the AGI Command Creator program (Advanced Geosciences, Inc., 2002).  The 
Wenner array geometry, which employs four electrodes spaced equally for each 
measurement, is most sensitive to vertical changes in the subsurface resistivity structure, 
which is what we are targeting (Burger et al, 2006) (Figure 6). 
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 The North and South lines are oriented from southwest to northeast, have one 
meter electrode spacing, and are 27 meters in length.  The Tie line is perpendicular to the 
North and  
  
 
Figure 6. Standard arrangement of a resistivity line in Wenner configuration.  
Electrodes are spaced evenly, and the resistivity meter with switching unit 
controls which 4 electrodes are used to take a measurement at any given 
time.  The points below the line represent the location of the data points 
collected by the survey in the figure.  Note that our system uses 28 
electrodes, as opposed to the 20 pictured here ( Landviser, 2012). 
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South lines and is 13.5 m long oriented from northwest to southeast, with half meter 
electrode spacing.  The Tie line, which is perpendicular to the long lines, is expected to 
confirm the information from the long lines, as well as provide greater shallow resolution 
due to its smaller electrode spacing. 
 To set up the lines, the 28 electrodes were placed into the ground, attempting to 
minimize their penetration depth.  A contact resistance test provided data on how well 
electricity was transmitted into the ground via the electrodes.  Salt water was applied as 
per manufacturer instruction to the ground at the base of the electrodes if the contact 
resistance was over 800 ohm*meters (Advanced Geosciences, Inc., 2002).  The data were 
transferred to a standard desktop computer for inversion analysis using EarthImager 2D. 
Seismic 
 A seismic survey confirmed both the ERI and EM survey results.  To perform the 
seismic method, a seismic wave is sent into the ground from a point source.  In the case 
of near-surface work, this source is usually a sledgehammer hitting a metal plate, or a 
blast into the ground from a specialized gun called a seisgun.  The seismic waves that 
propagate through the subsurface and reflect of interfaces between materials with 
different physical properties are recorded by a line of geophones placed in the ground.  
Based on these wave arrivals, the nature of the subsurface can be determined. 
 The seismic system used consists of 24 geophones that connect to the RAS-24 
system, which connects to a standard laptop with RAS-24 software installed.  The 24 
geophones were laid in a line parallel to the proposed GPR CMP and southeastern 
resistivity line, at 1 meter spacing.  This location allowed for comparison of the resistivity 
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and seismic data, as well as the seismic and GPR data.  The site noise conditions were 
assessed prior to data collection.  In order to minimize the effect of minor background 
noise, three shots were stacked together for each shot point.  A shot point was placed at 
one end of the line, 1 meter from the first geophone, and 3 individual shots were made 
and stacked by the RAS-24 software.  Then the shot point was placed 1 meter from the 
other end of the line and 3 shots were stacked.  A sledge hammer against a steel plate was 
used to produce the shot (Figure 7).  The arrival time of the first break of each wiggle 
trace was hand-picked in RAS-24 software (Figure 8).  As many of the geophones as 
possible were picked with no filter.  The geophones farthest from the shot point 
experienced increasing amounts of noise relative as the waves from the original seismic 
shot attenuated.  For these later geophones, the maximum positive signal of the first 
waveform was picked.  The pick was adjusted to represent the estimated first break by 
subtracting for the expected period of the wave.  No filter was required using this method. 
 By comparing the change in arrival time of the first breaks versus offset from the 
shot point (Figure 9), the velocity of the waves returning to the geophones can be 
determined using the equation: 
(1)  = / 
The dip of any interface was calculated using the equation from Burger et al (2006): 
(2)  = 	
	
  
which relates the slope of the graph of offset versus traveltime when shot in both 
directions (	and ) and the velocity of the layer above the interface ().  The 
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thickness of a subsurface layer is then calculated using the following equations from 
Burger et al (2006): 
(3) ℎ =	 	 
(4)   =	 !"∗	$%&"' 
which relates the intercept time of the graph of offset versus traveltime (), the velocity 
of the layer (), the dip (, and the critical angle ((' ).  ℎ and   represent the distance 
from the down-dip shot point to the interface of interest via a line perpendicular to the 
surface and a line perpendicular to the interface, respectively.  
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Figure 7. Schematic detailing the layout of a seismic line.  A metal plate is struck 
with a hammer at the ‘shot point’ on one end of a line of geophones, which 
are placed into the ground at equal spacing.  Note that our line uses 24 
electrodes, and that after taking measurements on one side of the line, the 
plate was moved to the other side of the line, and measurements were taken 
with the shot point on that side (Hermance, 2003). 
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Figure 8. Highlight of seismic picks made in RAS-24 software.  Red circles are the 
picks.  The blue lines are the wiggle traces for each geophone in the array. 
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Figure 9.  First break picks for reversed seismic refraction profile with shot points at 
1 m and 24 m.  Two best fit lines characterize the profile.  This is 
indicative of the presence of an interface separating two layers with 
distinct velocities. 
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GPR and Auger Core 
 For the GPR data collection, common-midpoint soundings (CMPs) were 
employed.  The Sensors and Software 200 MHz unit took CMP measurements.  A CMP 
is performed by placing a transmitting antenna and receiving antenna on opposite sides of 
a central point.  A measurement is taken at the starting offset, and then both antennae are 
moved apart a predetermined amount (Figure 10).  Based upon the radar waves measured 
by the receiver, the velocity of various subsurface materials, as well as the depth to 
interfaces between materials with different dielectric properties, can be calculated 
(Burger et al, 2006).  This is advantageous relative to fixed-offset reflection surveys, 
which cannot calculate the velocity of an unknown subsurface material over a natural 
reflector.  This is possible because increasing VWC will cause a decrease in GPR wave 
velocity (Figure 11).  For this reason, GPR is considered a non-ideal geophysical tool for 
surveying a clay subsurface, and this type of research has not been performed in clay.  
We assumed, however, that the effective depth of our measurements would be less than 
in Jacob's 2006 research due to the expected increase in attenuation. 
 First, I determined the velocity of a GPR wave by picking the first breaks of the 
waveform, and using the relationship between time and transmitter-receiver offset to 
calculate velocity.  Then, I applied the same relationship that Jacob (2006) used:  
(5) v = c/√,- 
to determine the dielectric constant from GPR wave velocity.  This equation explains 
why an increase in VWC decreases GPR velocity in subsurface geologic materials.  
Water, with a dielectric constant of between 80 and 88, depending on salinity, has a much 
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higher dielectric constant than geologic materials such as sand, clay, or bedrock (Basson, 
2000).  Therefore, an increase in VWC leads to a decrease in the bulk dielectric constant 
of the material, and a subsequent decrease in the GPR velocity.  For our research, we 
needed to transform this velocity  
 
Figure 10. Schematic showing the layout of a typical CMP targeting a horizontal 
reflecting interface (left).  ‘Radargram’ that results from a CMP (right).  
Note the multiple phases, including the direct air and ground, and three 
reflections exhibiting normal move out (Hermance, 2003). 
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Figure 11. Picks (dots) and ground wave forward model (dashed line) for a 
radargram from the July 20th CMP.  The picks for the early arriving 
signal represent the direct air wave, and the picks for the lower arriving 
signal represent the shallow reflection used to calculate velocity.  
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measurement into a VWC estimate.  To do this, I applied the Topp relationship between 
VWC and the dielectric constant: 
(6) ( = 	−5 ∗ 10 + 	2.92 ∗ 10 ∗ ,- − 	5.5 ∗ 106	,- + 	4.3 ∗ 109	,-: 
to determine the VWC from their GPR data, where θ represents VWC and ,- represents 
the dielectric constant.  Garambois et al (2001) were able to accurately map VWC in a 
sandy soil using this method.  As seen in Figure 12, an increase in soil water content 
relates to an increase in dielectric constant.  Based on equation (5), this causes a decrease 
in GPR velocity.  It is therefore expected that, after rainfall events, the VWC of the 
subsurface will increase significantly, and there will be a significant and rapid decrease in 
GPR velocity.  As days pass and the soil drains, the GPR velocity should recover, as the 
VWC decreases.  The Topp relation, which assumes a homogeneous mixture of soil, 
water, and air, should be adequate for measuring the VWC of the top layer of the soil, 
which is our intention.  It has been indicated that, for deeper surveys, or surveys of a 
large volume of material, the Topp relation may fail as the assumption of homogeneity 
breaks down (Chan & Knight, 1999).  Due to the attenuation expected in the conductive 
clay subsurface, we do not expect to measure large volumes of material. 
 After two storms events each totaling approximately 2 inches of rain, we collected 
GPR CMPs.  The first storm took place on July 20th, 2012, and the second storm took 
place on September 19th, 2012.  A CMP was collected immediately before the September 
19th storm, but this was not able to be done for the July 20th storm.  The CMPs were 
taken by setting the receiving antenna and transmitting antenna 0.5 meters apart, taking a 
measurement, moving each antenna 5 centimeters away from the midpoint, and repeating 
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the process.  This was done until an offset of at least 4 meters for every CMP.  The CMP 
process took approximately 6 minutes.   
  
Figure 12. The Topp relationship between dielectric constant and VWC. 
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The data was then transferred to a PC.  Measurements were taken at multiple times after 
the rain events. 
 The standard method for picking a GPR signal is by picking the first break of 
each phase on a given radargram (Burger et al, 2006).  This was done for the direct air 
phase (Figure 11).  The shallow reflection is in the same area that one would expect a 
direct ground wave.  Therefore, it was necessary to determine whether it was in fact a 
reflection or a ground wave.  A ground wave at zero meters offset will have a traveltime 
of zero nanoseconds (Burger et al, 2006).  This is not the case with the shallow signal 
(Figure 13), and it is therefore interpreted as a reflection.  Many of the signals overlapped 
one another at small Tx-Rx offsets, obscuring the first breaks.  Therefore, it was 
necessary to pick the maximum positive signal of the waveform, which is very distinctive.  
The frequency of the signal was used to calculate the period of the wave, and the pick 
was moved back in time by 3 quarters of the period to represent the first break of the 
wave.  The GPR's repeatability was tested by taking two CMPs back to back on the same 
night and comparing the VWC interpretations of the two lines. 
 A repeatability test was carried out to ensure that the methodology could provide 
reliable data.  Two CMPs were run one after the other, and the calculated values for 
VWC were compared.  The GPR showed very good repeatability (Table 1), with under a 
1% difference between the GPR VWC estimates in the two tests. 
 For the final step, the GPR data was confirmed by auger core volumetric analysis, 
which is an established method of determining the VWC of a soil (Jury & Horton, 2004).  
The auger used has a 2 cm diameter, and takes a core 25.6 cm long (Figure 14).  The 
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cores were immediately bagged in the field, and weighed upon return to the lab within an 
hour.  The soil was placed in tinfoil and dried at 60 degrees celcius for two weeks.  The 
60 degree celcius  
  
Figure 13. Linear relationship between the picks of the presumed shallow reflection 
in non-transformed space.  Because the traveltime of the wave is not zero 
at zero offset, the signal is confirmed to be a reflection, as opposed to a 
direct ground wave. 
Table 1. GPR repeatability test 
Date GPR Velocity 
(m/ns) 
Depth 
(m) 
GPR 
VWC 
10/2/2012 0.052 0.233 46.5% 
10/2/2012 0.053 0.252 45.9% 
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Figure 14. Core auger used to take soil samples for volumetric and gravimetric 
analysis 
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temperature ensures that no molecular water evaporates from either organic or inorganic 
materials, as might occur at a higher temperature.  This is important as there were roots at 
the top of the core samples, but the water in the roots is not being measured by the GPR, 
as the water content of the roots is not expected to be responding significantly to rainfall 
events.  Volumetric water content was calculated using the mass of water evaporated, the 
final mass of the sample, and the estimated density of the soil (based upon the known 
volume and soil mass of the soil cores in the equation: 
7 <=>!?-@	>A B ∗ C%A = DE 
Results 
 The first data analyzed were the EM-38 data, for the purpose of selecting the most 
conductive area of the floodplain to target.  The EM-38-MK2 signal is broken down into 
in-phase and conductivity.  The in-phase data show very little variation.  There is only 
one significant in-phase anomaly within the grid, on the southern end (Figure 15).  This 
location was avoided, as metallic objects can interfere with geophysical surveys.   
 The conductivity data show significantly more variation than the in-phase data 
(Figure 16).  The highest conductivity area is closest to the Miller Run, on the southeast 
side of the grid.  It extends along approximately 70 meters of the grid.  A conductivity of 
30 mS/m, as the data suggest, would be reasonable for a clay-rich subsurface material.  
The solution to the calibration issue appears to have been effective, and the relative 
difference in conductivity throughout the grid is represented accurately.  There are 
multiple points of high conductivity throughout the grid.  One of these matches up with 
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an anomaly in the in-phase date, which implies that it is caused by a metallic object either 
on the surface or in the shallow subsurface.  The remaining are therefore due either to 
localized variations in the water content or composition of the surface, or anomalously 
high readings from the EM unit, which were observed if the unit was not held in proper 
orientation at all times. 
 An area for further geophysical investigation (Figure 16) was selected based on 
the data, targeting the highest conductivity area in the field.  The location is in the middle 
of the high conductivity zone.  In the area selected for further investigation, there are no 
in-phase anomalies.  The targeted location within the grid was also selected for further 
investigation because the lack of topography in this portion of the floodplain provides an 
area for rainwater to soak downward through the subsurface over time.  The location was 
selected near the center of the EM grid, to provide enough room to accommodate the tie 
line in the proposed resistivity survey. 
 The seismic and resistivity data correlate well and provide information on the 
composition and layering structure of the subsurface.  In the case of the resistivity data, 
the long lines provide a maximum depth of measurement of 4.67 meters, but the bottom 
half is ignored, as the resistivity model is poorly constrained based on the sensitivity 
analysis of the inversion process.  The half meter spacing provides measurements to half 
the depth of the one meter spacing, and the bottom half of the survey is similarly ignored 
on the basis of it being poorly constrained. 
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Figure 15. Inphase data of the top 37.5cm shows only a singular significant 
metallic anomaly, which is well outside of the targeted area of the 
floodplain. 
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Figure 16. 37.5cm bulk conductivity data collected by EM-38-MK2.  One meter 
coil separation, horizontal dipole.  Area selected for further 
investigations is circled.  GPR CMP located at red plus, with direction of 
movement of transmitter and receiver along the black line. 
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 The Tie line and the South long line both indicate an interface at approximately 
50 cm (Table 2), where the resistivity decreases from approximately 100 ohm*m to 
approximately 30 ohm*m.  The North line shows this interface closer to the surface, at 
around 40 cm (Figure 17).  The layer below the interface is interpreted as a clay-rich 
material, due to the low resistivity.  There is a deeper interface seen in all three lines, 
which is interpreted as the boundary between the clay-rich soil above, and fractured 
bedrock below.  The resistivity structure suggests that water will slowly travel through 
the subsurface once it hits the low-resistivity layer, and then flow more rapidly once it 
leaves the bottom of the layer.  This suggests why water tends to drain very slowly into 
the field after rainstorms.  The seismic data clearly shows two layers (Table 3).  The top 
layer, with a seismic velocity of approximately 400 m/s, represents unconsolidated 
material.  This layer represents the material above the previously described deeper 
interface in the resistivity data.  The lower layer, with a velocity of approximately 1900 
m/s, likely represents the fractured shale bedrock that shows up as the deep, high 
resistivity layer.    These interpretations are supported by a soil pit that was dug for an 
unrelated project after all geophysical measurements had been taken (Figure 18).  
Various layers of unconsolidated sediment approximately 1.5 meters thick in total overlie 
fractured bedrock.  The very top layer of sediment has a lower clay content than the 
underlying sediment, based upon an analysis of the cohesion and malleability of soil 
samples.  This explains why there is a high resistivity layer seen in the ERI data.  The 
thickness of the unconsolidated sediment in the soil pit also agrees with the depth to 
bedrock seen in the ERI and seismic data. 
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 GPR CMPs were collected at the location targeted with the other geophysical 
methods after the July rainstorm and before and after the September rainstorm.  Figure 19 
and Figure 20 shows that the expected correlation between rainfall and radar velocity is 
seen in the data.  After the September rainfall event, the velocity dropped by 
approximately 0.008 m/ns, which equates to a 6.8% increase in SWC based on the Topp 
relation (Table 4, Figure 19).  As time passed after both the July and September storm, 
the GPR velocity recovered by 0.005 m/ns, or a calculated 4.22% drop in VWC. 
 The relationship between the rainstorm and VWC calculated from the CMPs is 
confirmed by the auger core estimates of VWC (Figure 21), which also agree fairly well 
with the GPR VWC estimates from an absolute standpoint.  The second auger core 
measurement (the first measurement taken after the September storm) is believed to be 
inaccurate due to mishandling of the auger core during analysis.  Soil was lost while 
moving the sample in the drying oven.  Ignoring this point, the auger measurements show 
a 3% increase in VWC from the time of the  
  
 
3
6
  
North Line 
 
South Line 
 
Tie Line 
 
Figure 17. Three resistivity lines.  Primary feature is the low resistivity layer at approximately 50 cm below the surface.  
This is interpreted as a very clay-rich layer.  The top two lines represent the 1 meter a-spacing long lines, and the 
bottom line represents the 1.5 meter a-spacing tie line. 
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Table 2. Resistivity and depth of three layers as determined by the resistivity data 
 Resistivity (Ohm*m) Depth (m) 
Layer 1 100 0.5 
Layer 2 25 0.5 - 2.0 
Layer 3 150 2 to ? 
 
Table 3. Velocity and depth of two layers as determined by the seismic data. 
 Velocity (m/s) Depth(m) Slope (degrees) 
Layer 1 404.5 1.9 to 2.3 1.43 
Layer 2 1880 2.3 to ? n/a 
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Figure 18. Picture of a soil pit dug near the northwestern DC resistivity line.  
Multiple soil horizons can be seen, and fractured shale bedrock is 
exposed at the bottom at approximately 1 meter.  The top layer that is 
causing a higher resistivity signal than the layer below it is determined 
to be the A horizon of the exposed soil. 
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Figure 19. Hourly rainfall measurements for the July and September with calculated 
GPR velocities on secondary axis. 
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                  September 19
Figure 20. These two radargrams represent two CMPs, one taken before 
September rainstorm (left), and one taken after (right)
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after the rainstorm, as 
the ground after the rainstorm.  This leads to a less pronounced airwave and 
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Table 4. Table of GPR velocities and the calculated depth to the reflecting interface 
Date GPR Velocity (m/ns) Calculated Depth (m) 
7/20/12 0.052 0.235 
7/21/12 0.057 0.267 
7/26/12 0.062 0.229 
9/18/12 0.062 0.168 
9/21/12 0.054 0.219 
9/23/12 0.058 0.210 
9/24/12 0.059 0.208 
 
Figure 21. Comparison of GPR VWC estimate and auger core VWC. 
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CMP before the September storm to the time of the second CMP taken after the storm, 
and a subsequent decrease by the time of the final CMP (Table 5). 
 When the repeatability testing of the GPR and auger was performed, the field was 
as wet as it had been over the course of the research.  Both the GPR and auger core 
results (Table 6) showed the highest estimates of VWC at this time.  The two methods 
also differed in their estimates by between 4% and 5%, the largest gap between the two 
methods during the study. 
Discussion 
 The GPR data show the expected trend in VWC relative to the rainfall events.  
This means that we can interpret GPR as having successfully monitored the VWC of the 
floodplain soil in response to the two analyzed rainfall events.  The depth of the measured 
reflector - between 20 and 25 centimeters - is very small relative to the depths measured 
in Jacob's 2006 research, where the GPR CMPs penetrated over 5 meters.  This means 
that, while GPR CMPs may be useful in determining how water is passing through the 
upper layers of a clay subsurface, it is not possible to monitor changes in the VWC on the 
meter scale. 
 The interpretation that GPR successfully monitored changes in VWC in response 
to the two storms is supported by the auger core gravimetric and volumetric 
measurements, which both follow the trend of the GPR VWC estimates.  Though the 
auger core data shows the same trend as the GPR data - with the exception of the 
mishandled sample - the absolute values of the GPR and auger data appear to be 
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systematically different.  All of the auger measurements for the September storm and for 
the repeatability test give a VWC below that of the GPR estimate (Figure 22). 
 As the water content of the subsurface increases, the Topp relation and auger 
estimates of VWC differ by greater amounts.  This implies that the Topp relation, which 
was initially created  
  
Table 5. Table of parameters, including auger gravimetric and volumetric 
measurements.  Soil samples were not available for three GPR dates. 
Date GPR Velocity (m/ns) Depth (m) GPR VWC Gravimetric Volumetric 
7/20/12 0.052 0.235 46.42% NA NA 
7/21/12 0.057 0.267 42.18% NA NA 
7/26/12 0.062 0.229 38.04% NA NA 
9/18/12 0.062 0.168 38.19% 27.9% 36.9% 
9/21/12 0.054 0.219 44.99% 28.4% 37.6% 
9/23/12 0.058 0.210 41.33% 30.1% 39.9% 
9/24/12 0.059 0.208 40.77% 29.4% 38.9% 
 
Table 6. Good agreement is seen between the three 
cores taken one after the other at the same field site. 
Date Gravimetric Volumetric 
10/2/2013 30.4% 40.2% 
10/2/2013 31.7% 42.0% 
10/2/2013 31.5% 41.7% 
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Figure 22. Comparison of velocity predicted by Topp relation with GPR velocity at 
corresponding auger core VWC values.  Note that the directly measured 
data is consistently below the value predicted by the Topp relation. 
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using data from a resistive soil, may not be a good match for the conductive subsurface at 
our field site.  While the Topp relation successfully shows the expected relation between 
rainfall events and subsurface VWC, a better relationship calibrated for a conductive 
subsurface may give more accurate values for the VWC calculated from GPR velocity. 
Conclusions 
 GPR CMPs were used to monitor changes in soil water content in a clay-rich soil 
before and after rainfall events.  The proposed experimental method was performed in the 
most clay-rich portion of the site, as determined by the EM-38-MK2.  Seismic and DC 
resistivity were used to delineate the vertical structure of the subsurface and gain a better 
understanding of the hydrology at the site.  The data show that, despite the attenuation 
factor, GPR is capable of monitoring changes in the VWC of layers of clayey soil at least 
20 cm thick.  Repeatability testing showed that the GPR water content estimates are 
repeatable to +/-1% VWC.  At the highest soil water content levels, the Topp relation 
might not apply to our field site, as evidenced by a comparison of the repeatability data 
for the GPR and auger core.  It may be necessary to calibrate a different relation between 
dielectric constant and VWC for our field site.  However, for the September storm, the 
auger VWC estimates deviate from the GPR VWC estimates by only 1.53% on average.  
This study suggests that GPR as a method of assessing VWC can be of use in assisting 
agriculture and construction, as well as Bucknell's Miller Run restoration project. 
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